While live births resulting from assisted reproductive technology (ART) exceed 1% of total births annually, the effect of ART on fetal development is not well understood. Data have demonstrated that IVF leads to alterations in DNA methylation and gene expression in the placenta that may have long-term effects on health and disease. Studies have linked adverse neurodevelopmental outcomes to ART, although human studies are inconclusive. In order to isolate the peri-implantation environment and its effects on brain development, we utilized a mouse model with and without superovulation and examined the effect of adult behavior as well as adult cortical neuronal density. Adult offspring of superovulated dams showed increased anxiety-like behavior compared to offspring of naturally mated dams (P < .05). There was no difference in memory and learning tests between the 2 groups. The adult brains from offspring of superovulated recipients had fewer neurons per field compared to naturally mated control offspring (P < .05). In order to examine potential pathways leading to these changes, we measured messenger RNA and microRNA (miRNA) expression in fetal brains at E18.5. Microarray analysis found that miRNAs miR-122, miR-144, and miR-211, involved in regulation of neuronal migration and differentiation, were downregulated in brains of offspring exposed to a superovulated environment(P < .05). There was also altered expression of genes involved in neuronal development. These results suggest that the peri-implantation environment can affect neurodevelopment and can lead to behavioral changes in adulthood. Human studies with long-term follow-up of children from ART are necessary to further investigate the influence of ART on the offspring.
Introduction
While live births resulting from assisted reproductive technology (ART) and in vitro fertilization (IVF) exceed 1% of total US births annually, the effect of ART on fetal development is not well understood. 1 The ART alters in utero environment at the earliest, and possibly most critical, time of development. Infants born following IVF are more likely to be born small for gestational age and may have metabolic changes later in life when compared to children born following natural conception. 2, 3 The link between ART and neurodevelopmental outcomes has been harder to demonstrate, though some studies have found associations between cognitive, motor, and behavior development and ART. [4] [5] [6] [7] [8] [9] Published data have been clouded by short follow-up time, small sample size, inadequate control groups, and the multiple adverse perinatal outcomes associated with IVF.
One intervention utilized ubiquitously in IVF is superovulation with gonadotropins, which creates serum concentrations of estradiol and other factors up to 10-fold higher than what is found in a natural cycle. These hormone levels remain elevated during the critical period of implantation and may affect the developing offspring. We recently demonstrated, in the mouse model, that transferring naturally conceived embryos into the uterus of superovulated recipients results in abnormal placentation and severely growth restricted pups. 10 The effect of the peri-implantation milieu on the expression of genes important for neurodevelopment is not known.
Multiple studies have found that ART leads to epigenetic changes in the placenta and fetus. [11] [12] [13] [14] Specifically, ovulation induction with gonadotropins, also known as superovulation, is associated with epigenetic changes in the embryo which may result in phenotypic changes 15, 16 as well as imprinting syndromes such as Beckwidth-Wiedemann and Angelman. 17 In our study, we hypothesize that the superovulation environment induces epigenetic changes, which not only affect fetal growth but also affect neuronal development and ultimately behavior, in the exposed offspring. We examine the effect of altering the hormonal milieu during embryo implantation on long-term cognitive development including spatial learning, memory, anxiety and depressive-like behavior in the mouse model and investigated changes in gene and microRNA (miRNA) expression in perinatal brain that may contribute to these neurodevelopmental outcomes.
Methods
All experiments and procedures were approved by the University of Pennsylvania and The Johns Hopkins University Institutional Animal Care and Use Committee Review Boards. All animal experiments were conducted at the University of Pennsylvania. Female CF-1 (Harlen Sprague Dawley), male C57BL/6J (Jackson Laboratories), and vasectomized C57Bl/6J males (Jackson Laboratories) were obtained and housed in a temperature-and light-controlled environment and fed ad libitum. To obtain blastocysts for transfer, females were naturally mated and mating was confirmed by the presence of a copulatory plug the morning following mating (0.5 days postcoitum). On postcoital day, 3.5 blastocysts were flushed from the uterine horns using standard technique 18 and the embryos cultured in K Simplex Optimization Media (KSOM) þ amino acids (Specialty Media; Millipore, Billerica, Massachusetts) under mineral oil at 37 C in an incubator for no more than 1 hour prior to transfer.
To obtain the experimental group of pseudo-pregnant females, a group of CF-1 (Harlen, Indianapolis, Indiana) females was superovulated with an intraperitoneal injection of 5 IU of equine chorionic gonadotropin followed by 5 IU of human chorionic gonadotropin 48 hours later and then mated with vasectomized C57BL/6J males (Jackson Laboratories). Mating was confirmed by the presence of a copulatory plug. Control recipients were obtained by mating CF-1 females with the vasectomized males, and mating was confirmed by the presence of a copulatory plug. On postcoital day 2.5, 10 blastocysts were transferred into a single horn of either a control or a superovulated recipient using the Non-surgical Embryo Transfer Device (Paratechs, Lexington, KY) per manufacturer's protocol.
Behavioral Tests
A cohort of pregnant mice were allowed to deliver, and offspring were housed to 5 months of age, at which time behavioral testing was performed. All behavioral procedures were performed at the Neurobehavior Testing Core at the University of Pennsylvania. Mice received a battery of behavior tests to explore anxiety and depression-related phenotypes as well as tests for memory and cognition. At least 1 day of rest was given between the tests. Three days prior to tests of learning and memory, each mouse was handled for about 2 min/day to habituate them to the experimental manipulations and minimize the stress response.
Open field activity was used as a quantitative measure of general activity and exploratory behavior of the mice. Open field activity was assessed in a 40 Â 40 Â 38 cm arena fitted with photocells to detect motion (San Diego Instruments, San Diego, California) during a 10-minute trial. In addition to horizontal activity, rearing activity was also detected.
We utilized the Elevated Zero Maze as a standard test for anxiety-related behavior. Mice were individually placed on a 5. The Forced Swim Test (FST) was used to screen for depression-like behavior. Mice were individually placed in a 46 Â 22 cm diameter glass cylinder filled to 20 cm with 22 C to 25 C water. All trials were digitally recorded and graded by an observer blind to group designation. The last 4 minutes of a 6-minute swim were graded for total time immobile. A mouse was considered immobile when it was motionless or exerted only enough activity to keep afloat.
The Novel Object Recognition (NOR) task was utilized to evaluate recognition memory. The NOR learning relies on the innate propensity of mice to explore their environment. Exploration is recorded as time spent sniffing, looking toward, rearing against, or whisker brushing objects in a 35 Â 35 Â 40 cm arena. During the training phase, mice are allowed to habituate to the empty arena for 10 minutes. After habituation, 2 similar objects are placed in the arena. Mice were allowed to explore the objects for 10 minutes over 3 trials. Twenty-four hours later, 1 of the training objects was replaced with a novel object. No difference in exploration of the objects was interpreted as a memory deficit. All trials were digitally recorded and graded by an observer blind to group designation.
Fear conditioning (FC) was used as a form of Pavlovian learning. Both contextual and cued learning require the amygdala, while the learned response to context recruits hippocampal circuitry. Mice were trained to associate a context (chamber) or cue (tone) with an aversive foot shock. If association was made between foot shock and context or cue, the mouse would demonstrate a freezing response upon reexposure. For our studies, mice were allowed to explore a unique chamber for 120 seconds and then a 30-second, 85-dB, 1200-Hz tone coterminating with a 2-second, 1.5-mA foot shock, followed by 30 additional seconds in the chamber. Twenty-four hours after training, the mice were placed back in the chamber to test for contextual learning.
Forty-eight hours later, mice were placed in a context unique from the training chamber, and their response to a 3-minute, 85dB, 1200 Hz tone was tested to assess cued learning. Reexposures to the conditioned stimuli was digitally recorded and percentage of freezing was determined by FreezeScan software (CleverSys Inc, Reston, Virginia).
For behavioral studies, the data were expressed as mean + standard error of the mean (SEM). All the data sets were analyzed for normality. To determine statistical significance, 2-tailed Student t test was performed for all normally distributed data, and a Mann-Whitney U test was performed for nonparametric data. A P < .05 was considered significant. Statistical analysis was performed using GraphPad Prism 5.0 software.
Microarray Analysis and miRNA Arrays
On e18.5, the recipient mice were killed, fetal brain was extracted, and flash frozen in liquid nitrogen. Messenger RNA (mRNA) and miRNA were isolated from mouse brains using Qiagen RNeasy and miRNeasy kits (Qiagen, the Netherlands), respectively, following the manufacturer's standard protocol. Before sample processing, a Nanodrop spectrophotometer was utilized to determine sample concentration, and an Agilent Bioanalyzer Series II was used for sample quality.
The mRNA samples were amplified and labeled with the Ambion WT Expression kit following manufacturer's protocol (Life Technologies Co, Carlsbad, California). Hybridization onto Affymetrix Mouse Gene 1.0 ST microarrays for 17 hours at 45 C and scanning on the Affymetrix GeneChip Scanner 3000 7G were performed as per manufacturer's protocol (Affymetrix Inc, Santa Clara, Califonia). The miRNA samples were amplified and labeled with the Affymetrix FlashTag Biotin HSR RNA Labeling kit per manufacturer's protocol. Hybridization onto Affymetrix GeneChip miRNA 3.0 microarrays for 16 hours at 48 C and scanning on the Affymetrix GeneChip Scanner 3000 7G were performed per manufacturer's protocol. Scanning and raw analysis were performed with the Affymetrix Expression Command Console 1.2.
Data analyses began with the raw CEL files output by the Affymetrix Console for either mRNA or microRNA analyses. Data were extracted with the Partek Genome Suite 6.6 platform using robust multiarray analysis. RNA was normalized and transformed into log2 notation for quality control and further analyses. For the mRNA arrays, all probe sets were used, whereas for miRNA arrays, the extraction was limited to only the 2114 mouse-targeting probe sets so as to ensure proper normalization. Furthermore, the miRNA data were normalized to the 75th percentile as opposed to the mRNAs 50th percentile.
Superovulated samples were grouped and compared to naturally conceived samples for both mRNA and miRNA expression using the Student t test in Partek. Differentially expressed genes and microRNAs were selected based on the magnitude of the differential and the statistical significance of that change. Fold-change thresholds were selected based on the standard deviation of those changes' Log2 values from 0.0 or no change. Cutoff points were thus determined by the expression results rather than arbitrarily defined, a priori, expectations. The miRNAs that passed a threshold of 6SD for the comparison of all superovulated offspring versus all naturally conceived offspring were then validated.
Potential microRNA targets, the genes whose protein expression may be altered, were derived with the ingenuity pathway analysis (IPA) platform on experimentally observed and targeting predictions extracted from the literature and databases such as TargetScan and TarBase. Gene Ontology analysis was performed on differentially expressed genes identified from the mRNA microarray to determine functional classification of genes affected by superovulation compared to control. Pathways analysis was performed using IPA software to identify significantly affected canonical pathways and gene interaction networks related to neurodevelopment.
Real-Time Quantitative Polymerase Chain ReactionValidation
Complementary DNA (cDNA) was synthesized from fetal brain RNA using the iScript cDNA Synthesis kit (Bio Rad, Hercules, California) according to the manufacturer's protocol. Targets identified by microarray analysis were validated using real-time quantitative polymerase chain reaction (RT qPCR) and Taqman probes (Life Technologies Co) for miRNA expression or PrimeTime qPCR Assays (Integrated DNA Technologies, Inc, Coralville, Iowa) for mRNA expression. The standard statistical cutoff was P value <.05.
Histochemistry and Immunohistochemistry
Whole brains were harvested from the adult mice utilized in the behavioral studies following killing between 5 and 6 months of age. Brains were washed in 1Â phosphate-buffered saline (PBS) for 30 minutes 5 times, followed by fixation in 4% paraformaldehyde at 4 C overnight. The samples were processed for histochemical and immunohistochemical (IHC) staining by immersing in 30% sucrose until saturation and cryosectioned at 20-mm thickness. Nissl staining for neuron-specific endoplasmic reticulum granular bodies was performed using cresyl violet. Briefly, sections were incubated with a 0.5% solution of cresyl violet (Chroma-Gesellschaft; Roboz, Inc) in sodium acetate buffer for 5 minutes followed by a brief rinse in tap water. The stain was differentiated in 1% glacial acetic acid in 95% ethanol until white matter tracts were visible from gray matter. After dehydration with gradient ethanol, the tissue was cleared in xyline and mounted with DPX (Fluka Chemical). For neural IHC, sections were incubated overnight at 4 C with a mouse NeuN (Millipore) antibody in a concentration of 1:50 in PBS containing 0.5% Triton X-100 (Sigma, St Louis, Missouri) and 3% horse serum (Life Technologies, Grand Island, New York). The next day, sections were rinsed with PBS and then incubated with fluorescent secondary donkey antimouse Alexa Fluor 568 (Life Technologies) antibody diluted in 1:500 for 3 hours at room temperature. At the end, sections were mounted with Fluromount-G (eBioscience, San Diego, California). Images were attained using Axioplan 2 Imaging system (Carl Zeiss, Thornwood, New York) attached to an EOS Rebel camera (Canon) through a 40Â objective lens.
Neurons were counted (field of view) based on Nissl staining using Image J (v1.48, http://imagej.nih.gov/ij/, National Institute of Health, Bethesda, Maryland) on randomly chosen 5 to 6 fields in frontal cortex per animal. The neurons were identified by a large cell body or perikaryon containing a large, pale nucleus with a prominent dark nucleolus. The experiments were performed in triplicate for all groups. Data are presented as the mean + SEM. Statistical significance was determined using Student unpaired t test.
Results

Embryo Transfer Experiments
We previously demonstrated that there is no difference in litter size between the control and the superovulated recipients. 19 Although both fetal weight and placental weight were lower in the offspring of the superovulated recipients at E18.5, 19 by 1 week of age, there was no difference in weight between the 2 groups.
Gene Expression
In order to identify whether changes in the peri-implantation environment can affect fetal brain development, microarray studies were formed on fetal brain at E18.5 from control and superovulated recipients. Gene ontology analysis and IPA results of mRNA microarray data identified gene expression changes in multiple pathways that impact neuronal development including neuronal nitric oxide synthase (nNOS) signaling, glutamate receptor signaling, calcium signaling, eNOS signaling, and synaptic long-term potentiation (Figure 1) . We found altered expression of 15 genes involved in the processes of neuronal differentiation, neuronal morphogenesis, regulation of neuron cell death, and neuronal migration. Of these genes, 6 were confirmed by RT-qPCR validation studies and had significantly decreased gene expression greater than 1.5-fold: Colec12, Dcn, Rarb, Gpc3, Igf2, and Bmp6 (P < .05; Figure 2 ). The neuronal pathway most significantly affected by superovulation in the IPA analysis was the nNOS signaling pathway, with multiple genes in the nNOS pathway downregulated in the superovulated offspring compared to naturally mated offspring ( Figure 3A) . The RT-qPCR was utilized to validate these findings and expression of Grin1, Calm1, and Prkca were all significantly downregulated in the superovulated offspring (P < .05; Figure 3B ).
Expression of microRNA
One method of epigenetic regulation of gene expression is miRNAs. Therefore, we examined miRNA expression by microarray in the fetal brains on control and superovulated recipients. Analysis of miRNA expression by microarray identified 18 miRNAs in the superovulated fetal brains that had expression changes greater than 6 standard deviations compared to control fetal brains. These targets were validated by RT-qPCR and confirmed significant expression changes in 3 miRNAs: miR-122, miR-144, and miR211 ( Figure 4 ). In our subsequent IPA ontology analysis of miRNA array against mRNA array, the genes affected played roles in neuronal differentiation and migration.
Behavioral Tests
As our fetal studies suggested alterations in neuronal development during embryogenesis, we then utilized our transfer experiments and allowed a subset of litters to deliver. At five months of age, behavioral tests were performed to assess whether the expression changes during development led to alterations in adult behaviors. Anxiety behaviors were assessed using the elevated zero maze test. Mice born from superovulated recipients show increased anxiety-like behavior during the elevated zero maze test compared to offspring from naturally mated recipients. These mice spent significantly less time exploring the open arms (P < .01) and made fewer transitions to the open arm than control mice (P < .01; Figure 5 A and B). The mice from superovulated recipients had fewer transitions between the open and the closed areas, which can reflect decreased activity between the groups; this difference could also result from the altered in utero environment. These differences persisted for both male and female mice (1C), though for female mice the difference was not statistically significant. Open field testing is a less sensitive measure of anxietyrelated behaviors. In the open field testing, offspring from the superovulated recipients also showed increased time in the periphery, although this difference was not statistically different (data not shown). There was no difference in learning or memory. Offspring from both the control and the superovulated recipients showed similar associated learning by either cued or contextual FC ( Figure 5D and E). Using novel object recognition testing, we found no difference in working memory between offspring from control or superovulated mice ( Figure 5F ). We also found no increase in depressive behavior in the offspring of the superovulated recipients compared to control during the FST ( Figure 5G ).
Cortical Neuron Density in Adult Offspring
Cortical neuron density can be utilized as a surrogate measure of synaptic conductivity and has been associated with adverse sensorimotor outcomes. 20, 21 To examine the effect of fetal gene and miRNA expression changes on the adult brain, cortical neuron density was measured in Nissl-stained frontal cortex from the offspring at 5 to 6 months of age ( Figure 6A ). Superovulated offspring had fewer neurons per field compared to naturally mated control offspring ( Figure 6B ; P < .05). Immunohistochemical staining with NeuN confirmed the results from Nissl staining ( Figure 6C ).
Discussion
In this study, we have demonstrated that hormonal milieu, at the time of embryo implantation, impacts fetal neuroprogramming and long-term behavioral phenotype. Our previous data in the mouse model suggest that altering the hormonal environment during implantation affects placentation and fetal growth in the mouse model. Corollary to that, epidemiologic data have suggested that both ART and growth restriction may be associated with adverse neurodevelopmental outcomes. 4, 6, 22, 23 In our study we identify aberrations in neuronal programming/cell death and migration that may be implicated in decrease in cortical neuronal mass as well as changes in the nNOS pathway as potential mechanisms by which the nonphysiologic periimplantation environment can affect behaviors in the offspring
The nNOS catalyzes the production of nitric oxide, which acts as a neurotransmitter. The nNOS activity relies on calcium-mediated dimerization via calmodulin binding. Pathologic production of nitric oxide, such as during inflammation or ischemia, leads to excess formation of peroxynitrite, a highly reactive oxidant that contributes to neuronal excitotoxicity and oxidative stress. 24, 25 Polymorphisms, gene variants, and dysregulation of nNOS have been associated with schizophrenia, personality disorders, and anxiety. [26] [27] [28] While the nNOS pathway was affected, ultimately, the level of nNOS was unchanged between the groups during the fetal period. However, offspring mice exposed to superovulation did demonstrate anxiety-like behaviors. We speculate that the alterations to the nNOS pathway in the perinatal pathway may have made it more vulnerable to further insults.
The miRNAs are important epigenetic regulators that affect gene expression through transcript silencing. 29 Neuronal differentiation and migration has been shown to require proper miRNA function. [30] [31] [32] The roles of several miRNAs in regulating neuronal development have been described. [33] [34] [35] Our data indicate that exposure to superovulation in the first few days of life alters fetal neuroprogramming, and the aberrations in gene and miRNA expression involved in neuronal migration, differentiation, and cell death are not only confirmed by qPCR in perinatal period but also have lasting implications into adulthood, as there are fewer cortical neurons in the group subjected to superovulation. The ART has been demonstrated to lead to epigenetic modifications in the placenta which affect fetal growth and may play a role in long-term health and disease. [36] [37] [38] [39] Our findings suggest that these epigenetic changes may extend beyond the placenta to alter fetal brain development and result in altered behaviors into adulthood. Indeed, our results show a decrease in the density of cortical neurons in brains of adult offspring exposed to a superovulation hormonal environment in utero and anxiety in the offspring.
These results demonstrate for the first time that the periimplantation environment during a fresh IVF cycle not only affects placentation and fetal growth 10 but also has effects on pathways critical to neurodevelopment and behavioral outcomes. Recent evidence suggesting that the hormonal environment created during fresh IVF cycles may be associated with increased adverse perinatal outcomes such as preeclampsia and small for gestational age infants 40, 41 has led to increased number of frozen embryo transfer cycles. Our data suggest that a more physiologic peri-implantation hormonal environment, such as that during a frozen embryo transfer cycle, may also be preferable for the neurologic health of the fetus. Longterm prospective human studies are necessary in order to understand the effect of ART, and specifically the peri-implantation hormonal environment, on the health and well-being of the resulting offspring. 
